Inflammation and immune activation may contribute to the progression of cardiovascular disease (CVD) in the general population [1, 2] . Patients infected with the human immunodeficiency virus (HIV) appear to have a greater risk for CVD than uninfected controls [3] [4] [5] [6] , and within HIV-infected subjects, markers of inflammation, immune activation, and coagulation are associated with mortality, HIV disease progression, vascular disease, and diabetes [7] [8] [9] [10] [11] . The drivers of increased inflammation and cardiovascular risk in HIV disease remain unclear, but have been attributed to coinfections with agents such as cytomegalovirus [12] , to persistence of HIV replication in sanctuary sites [13] , by exposure to bioactive lipids [14] [15] [16] , to homeostatic cytokines [17] , and to microbial elements translocated through a damaged gut [18] .
Activated monocytes may contribute to inflammation and cardiovascular disease [19] . Three monocyte subsets can be identified based on CD14 and CD16 expression [20] [21] [22] [23] . Traditional (CD14 ) monocytes produce high levels of inflammatory cytokines in response to bacterial products [22] . Proportions of monocytes from HIV-infected donors, and uninfected donors who have recently had an acute coronary event, are enriched for patrolling and inflammatory monocytes, and these cells have a procoagulant phenotype [24] . Soluble CD14 (sCD14), a marker of monocyte activation, is an independent predictor of mortality in HIV-infected subjects [9] and has been linked to faster vascular disease progression, as measured by carotid intima-media thickness [25] . Similarly, the macrophage activation marker soluble CD163 (sCD163) is associated with noncalcified plaques in the coronary arteries [26] and with arterial inflammation in HIV-infected subjects [27] . These markers provide a link between myeloid cell activation and cardiovascular risk in HIV disease.
Identifying successful therapies that would reduce chronic immune activation in treated HIV disease is an ongoing research priority. Statins, or 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, have anti-inflammatory effects beyond those related to cholesterol lowering [28, 29] .
Several statin studies have been performed in HIV-infected subjects, but most were aimed at the effects of statins on lipid levels and on HIV viremia [30] [31] [32] [33] [34] . Recently, administration of high-dose atorvastatin (80 mg) modestly reduced the proportion of HLA-DR-expressing CD8 + T cells in HIV-infected subjects who were not receiving antiretroviral therapy (ART) [35] . In our current study, the Stopping Atherosclerosis and Treating Unhealthy Bone With Rosuvastatin in HIV (SATURN-HIV) trial, HIV-infected subjects who were undergoing successful ART and had normal low-density lipoprotein (LDL) cholesterol levels, but elevated levels of inflammation and immune activation, were randomized to receive rosuvastatin (10 mg daily) or placebo. We present the results of a prespecified secondary analysis aimed at assessing the effects of statin administration on markers of immune activation and inflammation, including plasma levels of monocyte/macrophage activation markers (sCD14 and sCD163), and proportions of activated T cells and monocytes.
MATERIALS AND METHODS

Study Design
SATURN-HIV is a randomized, double-blind, placebocontrolled study designed to measure the effect of rosuvastatin on markers of cardiovascular risk, skeletal health, and immune activation in HIV disease (clinicaltrials.gov identifier: NCT01218802). The study was approved by the Institutional Review Board of University Hospitals Case Medical Center (Cleveland, Ohio), and all subjects signed a written consent prior to enrollment. Randomization was conducted by the Case investigational pharmacist as 1:1 to active rosuvastatin 10 mg daily vs matching placebo. Randomization was stratified by protease inhibitor (PI) use. Study drugs (active and placebo) were provided by AstraZeneca. All subjects were ≥18 years of age, without known coronary disease or diabetes, and on stable ART for at least 3 months and cumulative ART duration of at least 6 months, with HIV type 1 (HIV-1) RNA <1000 copies/mL and fasting LDL cholesterol (LDL-C) level of ≤130 mg/dL and fasting triglyceride level of ≤500 mg/dL. Subjects were excluded if they had a history of myocardial infarction, were pregnant or lactating, or had an active or controlled inflammatory condition. Additional entry criteria included evidence of either heightened T-cell activation, identified as the proportion of CD8 + T cells that expressed CD38 + HLA-DR + ≥19%, or levels of high-sensitivity C-reactive protein (hs-CRP) ≥2 mg/L. The T-cell activation cutoff (>19%) was determined based on our prior data linking this level of immune activation to higher risk of immunologic failure and to the fact that 19% represented the approximately 75% of "normal" level of healthy HIV-uninfected subjects [36] . The CRP cutoff was selected based on criteria established in the JUPITER statin trial [29] .
Study Evaluations
At the initial screening visit, self-reported demographics and medical history were obtained along with a targeted physical exam including height and weight measurements. Blood was drawn after a 12-hour fast for lipoproteins, and hs-CRP. The percentage of CD8 + T-cell activation was determined as described below. If enrollment criteria were met, subjects returned within 30 days for entry evaluations. At entry, a fasting blood draw was obtained for a lipid profile and for measurement of soluble markers of immune activation. HIV-1 RNA levels and CD4 + cell counts were obtained as part of routine care.
Blood/Sample Preparation
Whole-blood samples were collected into ethylenediaminetetraacetic acid-containing tubes. Peripheral blood mononuclear cell (PBMC) samples were separated by centrifugation with Ficoll-Hypaque and were cryopreserved until analyzed in batches. Plasma was isolated by centrifugation for 10 minutes at 400g and was frozen at −80°C until thawed once and analyzed in batches.
Flow Cytometry
Monocyte Subset Activation Whole-blood (300 µL) samples were incubated for 15 minutes on ice with FACS Lyse buffer (BD Biosciences, San Diego, California) and were then washed in buffer ( phosphate-buffered saline with 1% bovine serum albumin and 0.1% sodium azide). Cells were then stained for 30 minutes in the dark, on ice, and then washed in buffer and fixed in 1% paraformaldehyde. Monocyte subsets were identified by size, granularity, and by expression of CD14 and CD16 [24] . 
T-Cell Activation
The proportion of activated T cells required for patient screening was determined by analyses of freshly collected wholeblood samples, processed as above. T cells were identified by size and granularity and by positive expression of CD3 and CD4 or CD8. T-cell activation was measured using anti-CD38 (PE), anti-HLA-DR (FITC), anti-CD3 ( peridinin chlorophyll protein complex) anti-CD8 (allophycocyanin-cy7), anti-CD4 (allophycocyanin, all from BD Biosciences). Assessment of T-cell activation for the entry and 24-week timepoints was performed by comparing expression of surface markers on cryopreserved PBMC samples from each patient. Samples were thawed and analyzed in batches. In addition to the T-cell markers described above, analysis of frozen PBMC samples also included a stain for cell viability (Live/Dead Violet, Pacific Blue) and an additional activation marker, PD-1 (PE-Cy7, BD Pharmingen).
Monocytes were analyzed in real time using a Miltenyi MACS Quant flow cytometer (MiltenyiBiotec, BergischGladbach, Germany). MACS Quantify software (version 2.21031.1, MiltenyiBiotec) was used to analyze the data. Initial assessment of T-cell activation for screening/enrollment was performed using an LSR II flow cytometer (Becton-Dickinson, San Jose, California) and FACSDiva software version 6.1.1 (BD Biosciences). Longitudinal T-lymphocyte activation was analyzed on the Quant.
Plasma samples were collected at baseline and week 24. Levels of sCD14 and sCD163 were measured using Quantikine enzyme-linked immunosorbent assay kits (R&D Systems, Minneapolis, Minnesota).
Statistical Methods
This was a prespecified, preplanned analysis to assess changes from baseline to 24 weeks in markers of lymphocyte and monocyte activation.
All analyses were initially performed using intent-to-treat principles based on randomized treatment assignment that used all available data. Modifications to randomized treatment and missing values were ignored. As-treated analyses did not differ from intent-to-treat analyses; therefore, only the former data are presented.
Demographics, clinical characteristics, fasting metabolic parameters, and inflammatory and coagulation markers are described by study group. Continuous measures are described by medians and interquartile ranges, and nominal variables are described with frequencies and percentages.
Nominal variables were compared using χ 2 analysis or Fisher exact test. Continuous measures were tested for normality. For between-group comparisons (at baseline and changes from baseline to 24 weeks), normally distributed variables were compared using t tests, and nonnormally-distributed variables were compared using Wilcoxon rank-sum tests. For within-group changes from baseline to 24 weeks, normally distributed variables were compared with a paired t test, and nonnormally-distributed variables were compared with Wilcoxon signed-rank test.
RESULTS
Baseline Characteristics
Two hundred two patients were screened for enrollment; 55 patients failed screening, resulting in enrollment of 147 patients between March 2011 and August 2012 in the SATURN-HIV study (n = 72 in the rosuvastatin arm, n = 75 in the placebo arm, Figure 1 ). Demographic information and baseline characteristics are displayed in Table 1 ; indices were similar between groups. Overall, the median age of the patients was 47 years; 78% were male, and 70% were African American, 29% were white, and 1% was Hispanic. Baseline immune activation markers were also similar between groups, except for the proportion of CD14 Dim CD16 + monocytes that expressed TF (statin arm = 21.8%, placebo arm = 18.9%, P = .047; Table 1) ; this difference was controlled for in the week 24 analysis. There was no difference in the number of subjects from each group on antihypertensive medication (statin: n = 20 vs placebo: n = 18, P = .60) and only 1 subject was on a diabetes medication at baseline. Seven subjects had active hepatitis B (statin: n = 3 vs placebo: n = 4, P = .74), and 12 subjects had active hepatitis C (statin: n = 5 vs placebo: n = 7, P = .60).
Subject Disposition and Safety Data
Eleven subjects (5 statin; 6 placebo) withdrew prior to the week 24 analysis: 10 were secondary to loss to follow-up. One subject withdrew due to a potential adverse event (on day 4 of study, grade 2 myalgias leading subject to refuse to continue in study or present for follow-up). One additional subject in the statin group stopped treatment at week 5 due to hospitalization for hydration secondary to grade 3 myalgias without rhabdomyolysis or renal compromise, but continued to be followed on study, off the study drug. All myalgias resolved soon after study drugs were discontinued. Two subjects changed ART regimens between baseline and 24 weeks: 1 was started on abacavir in place of didanosine, and 1 stopped lamivudine/zidovudine and started emtricitabine/tenofovir and maraviroc. One subject stopped ART and had an HIV-1 RNA level of >12 000 copies/ mL at 24 weeks, but there was no statistical difference in the number of subjects with an undetectable HIV-1 RNA level between baseline and 24 weeks in either group (83% and 84% in statin and placebo groups, respectively). The patient flowchart is provided as Figure 1 . Neither HIV-1 RNA levels, nor CD4 + T-cell counts, or their changes, were significantly different between the groups at 24 weeks.
Changes in Fasting Lipid Levels
Lipid profiles in the rosuvastatin group changed by week 24, with significant increases in high-density lipoprotein (HDL; relative increase from baseline = 7.5%, P = .0004) and decreases in LDL (−25.3%, P < .0001), and triglyceride (−2.28%, P < .039) levels. Patients receiving placebo did not have significant changes in these indices (HDL = 5.12%, P = .19; LDL = 6.86%, P = .105; and triglycerides = 4.52%, P = .66).
Changes in Soluble Markers of Monocyte Activation
There was no significant difference in week 24 plasma levels of sCD163 between groups (Table 2) ; rosuvastatin administration reduced levels of sCD14 by 13.4%, relative to baseline levels, while subjects receiving placebo had a 1.2% increase in sCD14 levels (P = .0017; Figure 2A ). Rosuvastatin-mediated decreases in sCD14 were weakly associated with decreases in LDL-C, but this was not statistically significant (r = 0.16, P = .067).
Changes in Cellular Markers of Monocyte and Lymphocyte Activation
We also monitored changes in several cellular indices of immune activation. We did not detect any changes in the proportional representation of monocyte subsets between the rosuvastatin and placebo groups. The proportion of total monocytes that expressed TF decreased significantly within the statin arm (−41%, P = .04), but not within the placebo arm (−11%, P = .69); the difference between treatment groups did not reach significance (P = .1). Among the individual monocyte subsets, subjects receiving rosuvastatin had a greater reduction in the proportion of TF + CD14 Dim CD16 + (patrolling) monocytes compared to the reduction seen in subjects receiving placebo (−38.8% vs −11.9%, relative to baseline levels, P = .04; Figure 2B ). This reduction in the proportion of TF + patrolling monocytes was not correlated with the observed decrease in plasma LDL-C levels (r = 0.038, P = .7693). As shown in Table 2 , statin therapy did not lead to changes in T-cell activation markers (CD38, HLA-DR, PD1) on either CD4 + or CD8 + T cells.
Effect of Statin Treatment in the Subset of Subjects Receiving PIs
Among the 72 subjects in the rosuvastatin arm, 36 were receiving a PI-based regimen. Rosuvastatin-treated subjects receiving Figure 1 . Patient enrollment flowchart. Two hundred two patients were screened for enrollment; 55 patients failed screening, resulting in 147 patients being enrolled (n = 72 in the rosuvastatin arm, n = 75 in the placebo arm). *High-sensitivity C-reactive protein level <2 mg/L. **CD8 + T-cell expression of CD38 and HLA-DR antigens <19%. † Patient found to have very high coronary calcium score by computed tomography on same day as screening, deemed unethical for patient to be potentially randomized to placebo. Abbreviations: CrCL, creatinine clearance; HIV-1, human immunodeficiency virus type 1; hs-CRP, high-sensitivity C-reactive protein; LDL, low-density lipoprotein; LFTs, liver function tests; TG, triglycerides.
a PI-based ART regimen had a statistically significant decrease in the proportion of CD14 Dim CD16
+ cells compared to the change measured in statin-treated subjects not receiving PIbased ART (−22% vs 20%, relative to baseline, P = .0252; Figure 3A ). When comparing the changes in the proportions of these cells between the active and the placebo arms among subjects receiving a PI-based regimen, there was a trend toward significance (statin: −21.7%, placebo: 13.3%, P = .07), suggesting that the decrease in the proportion of these cells was related to statin treatment and not PI treatment. There were no statistically significant differences in any other marker of immune activation between rosuvastatin-treated subjects receiving a PIbased regimen at entry vs those not receiving a PI. Further analyses comparing changes between treatment arms among subjects receiving PI-based ART revealed that there was a trend toward significant differences in sCD14 levels (−10.7% vs 1.4%, P = .08), and the proportion of inflammatory monocytes that express TF (−40.2% vs −6.8%, P = .09); there were significant differences in changes in the proportions of TF + patrolling monocytes (−39.6% vs 8.5%, P = .03) and the proportions of TF + total monocytes (−45.3% vs −3.5%, P = .05) between subjects receiving rosuvastatin and placebo, respectively. Among subjects not receiving PI-based ART, there was also a significant difference in the change in sCD14 levels (−14.8% vs −1.4%, P = .009) between treatment arms.
DISCUSSION
The SATURN-HIV study is a double-blind, randomized, placebo-controlled, clinical trial with a prespecified secondary analysis aimed at assessing the effects of 10 mg/day rosuvastatin treatment on markers of immune activation in HIV-infected subjects on stable ART with low or undetectable HIV-1 RNA levels. We report that rosuvastatin treatment, when compared to placebo, reduces significantly the proportion of circulating TF + patrolling (CD14 Dim CD16 + ) monocytes. Tissue factor can initiate the extrinsic clotting pathway [37] . Decreasing TF expression on patrolling monocytes may have particular importance to CVD risk, as patrolling monocytes home in to the vascular endothelium [22] where they may initiate clot formation. We have previously reported that TF + monocytes are directly related to plasma D-dimer levels [38] , potentially linking monocyte activation to coagulation in HIV-infected subjects. Also, TF expression is increased on circulating monocytes in HIV-uninfected persons with recent acute coronary events [24] . Statin-induced reduction of TF expression is not completely novel; Owens et al reported that simvastatin treatment reduces TF expression on monocytes in hypercholesterolemic mice and monkeys [39] . Simvastatin treatment decreases Toll-like receptor 4 expression on monocytes and alters signaling downstream of this receptor [40] , including upregulation of the Kruppel-like factor 2 transcription factor [41] , a negative regulator of TF expression [42] . In our study, the reduction in TF expression after rosuvastatin was independent of the LDL-C decrease, supporting the literature demonstrating lipid independent modulation of immune activation by statins [28, 29] . Although we did not see a significant reduction in TF + monocytes in the traditional (CD14 + CD16 − ) and inflammatory (CD14 + CD16 + ) subsets when comparing the placebo and the statin groups, we found a reduction in TF expression on these monocyte subsets among the subjects in the statin arm; this within-group trend suggests that differences may become apparent by study end.
Previous studies of statin therapy in HIV-infected subjects mainly focused on reduction of viremia, and reported mixed HLA-DR + cells reported in this table (on study) are based on results from thawed peripheral blood mononuclear cell samples; percentages used for screening were generated from fresh wholeblood samples. Values generated from thawed samples are notoriously lower than those from fresh samples; this explains why the median values displayed here are less than the screen failure cutoff of 19%.
Abbreviations: ART, antiretroviral therapy; HIV, human immunodeficiency virus; PI, protease inhibitor; TF, tissue factor.
results [30] [31] [32] [33] [34] . Recently, high-dose atorvastatin (80 mg) reduced modestly the proportions of HLA-DR + CD4 + and CD8 + T cells in HIV-infected patients who were not receiving ART. We did not find that rosuvastatin treatment reduced Tcell activation, but all subjects in SATURN-HIV are receiving ART, potentially accounting for the difference between studies. Statin treatment, compared to placebo, reduced significantly levels of plasma sCD14 by 24 weeks. Soluble CD14, a marker of monocyte activation, is an independent predictor of mortality in HIV-infected subjects [9] and a reduction of this magnitude in sCD14 levels may be clinically important, as a 13% decrease in sCD14 was associated with an estimated 21% decrease in non-AIDS morbid events or death, based on risk findings from a study among virologically suppressed subjects [43] . The reduction in sCD14 levels we report with rosuvastatin treatment is considerable. Previously, initiation of nonnucleoside reverse transcriptase inhibitor-based ART did not lower sCD14 levels; however, among subjects receiving raltegravir-based ART, Plasma samples were thawed and levels of soluble CD14 and soluble CD163 were measured by enzyme-linked immunosorbent assay. Monocyte subsets were identified in fresh whole-blood samples using size and granularity, and by expression of CD14 and CD16. Monocyte tissue factor expression was measured concurrently. Measurement of T-cell activation was performed by comparing expression of surface markers (CD38, HLA-DR, and PD-1) on cryopreserved peripheral blood mononuclear cell samples from baseline and week 24 for each patient. Samples were thawed and analyzed in batches. Median values and interquartile ranges are reported. Figure 2 . Statin treatment reduces levels of monocyte activation. Plasma samples were thawed and levels of soluble CD14 (sCD14) were measured by enzyme-linked immunosorbent assay. A, Patients receiving statin treatment had a relative reduction in sCD14 levels from baseline (13.4%), whereas patients receiving placebo had an increase in sCD14 levels (1.2%), and this difference was significant between groups (P = .0017). B, Tissue factor (TF) expression on patrolling (CD14 Dim CD16 + ) monocytes was also reduced by statin treatment (−38.8%), and this change differed significantly from the change measured in the placebo arm (11.9%, P = .04).
sCD14 levels decreased by 20% (350 ng/mL) [44] , a decrease that is similar to the decrease reported here (−13%, 279.8 ng/ mL). Our results suggest that rosuvastatin administration to virally suppressed HIV-infected subjects may have a significant, and potentially clinically important, effect on immune activation. The study is ongoing and will assess whether these changes will be associated with improvement in indices of cardiovascular disease risk in these subjects.
Statin therapy may provide a multitude of clinical benefits. Indeed, the improvement seen in immune activation may at least partially explain the decreases in mortality [45, 46] , non-AIDS events [47] , and non-Hodgkin lymphomas [48] reported in epidemiologic studies of statin therapy in HIV infection.
There are limitations to this study. We investigated a specific HIV population: those on stable ART with low or undetectable HIV-1 RNA, normal LDL-C, and heightened immune activation at baseline. The generalizability to the HIV population as a whole should be determined in other studies. Also, 24 weeks of therapy may be insufficient to see significant changes in many immune activation markers; an earlier atorvastatin study, however, found significant changes in T-cell activation markers after 18 weeks [35] . Also, the clinical benefit of reducing TF expression on monocyte subsets is not known. Nonetheless, this ongoing study will evaluate the longer-term effects of statin therapy on both immune activation markers and indices of cardiovascular disease risk. Financial support. This work was supported by the National Institutes of Health (R01 NR012642 to G. A. M. and 1K99HL108743 to N. T. F.) and by the Center for AIDS Research, Case Western Reserve University (P30 AI36219). Study drugs and matching placebo were donated by AstraZeneca.
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